INTRODUCTION
Gastric cancer is the second leading cause of cancerrelated death worldwide [1] . The prognosis of patients with advanced and unresectable gastric cancers is very poor with a median survival rate of approximately 10 mo [2] . Recently, fluorouracil and its derivatives, cisplatin, irinotecan, taxane and trastuzumab, have been recognized as first-line treatments for gastric cancer [2] . 5-Fluorouracil continuous infusion (5-FUci) is accepted as a standard chemotherapy regimen for advanced gastric cancer for its minimal toxicity as shown in clinical trials [2] . However, treatment responses vary in individual patients, mainly due to the heterogeneous and dynamic nature of tumor progression after sequential treatments. Thus, early detection and accurate assessment of tumor response to treatment is essential for individualized treatment planning [3] . Diffusion-weighted magnetic resonance imaging (DW-MRI) has emerged as a noninvasive imaging technique, which exploits tissue water mobility reflective of the microstructural properties of tumor tissue and detects tissue changes after treatment. DW-MRI uses motion-probing gradients to sensitize MRI signal loss arising from the Gaussian diffusion distribution. Higher tissue cellularity and cell membrane integrity of tumor malignancy are associated with more restricted diffusion, whereas tumor cell apoptosis and necrosis result in increased diffusivity of water molecules [4, 5] . Tissue water mobility can be quantified by the apparent diffusion coefficient (ADC) using the conventional mono-exponential model to fit DW signals acquired at 2-3 b-values between 0 and 1000 s/mm 2 . ADC primarily represents extracellular tissue diffusion with a mixed effect of fast diffusion component arising from microvascular blood flow. Previous studies have demonstrated that ADC values increase after chemotherapy, radiotherapy or administration of combined targeted medicine, indicating that ADC may serve as an imaging biomarker for the assessment of tissue microstructural changes prior to any changes in tumor size [6] [7] [8] . However, ADC values after treatment may not consistently increase because treatment may cause cellular swelling in the early phase of apoptosis and may cause the formation of fibrosis, both of which decrease the extracellular space and consequently decrease ADC values [6, 8] . The complex interplay of biophysical processes including tissue cellularity, intracellular and extravascular/extracellular water diffusion, and tissue perfusion contributes to variations in post-treatment ADC values that have yet to be clarified [8] .
With multiple b-values at lower range, the DW signal decay deviating from mono-exponential decay is not non-negligible due to the pseudo-perfusion effect at lower b-values. To more accurately evaluate post-treatment tumor tissue changes, extravascular diffusion and microvascular perfusion need to be distinguished from each other using an advanced DW-MRI method that takes into account the intravoxel incoherent motion (IVIM) phenomenon [9] . The IVIM DW-MRI may distinguish between multicompartmental (e.g., diffusion vs perfusion and intracellular vs extracellular) effects in biological tissues [9] . IVIM DW-MRI exploits the fact that, by ) with smaller intervals, DW signal decay can be used to quantify microvascular perfusion activity, whereas signal decay at higher b-values (> 200 s/mm 2 ) can be used to quantify tissue water molecular diffusion; therefore, IVIM DW-MRI can distinguish the microvascular perfusion effect from "pure" diffusion. Consequently, IVIM DW-MRI allows the following to be calculated noninvasively without contrast agent administration: the "pure"
, and fractional volume (fp) [9, 10] . IVIM measurements have been used to differentiate between benign and malignant tumors [11] [12] [13] and evaluate therapeutic responses to chemotherapy in different tumor types [14] [15] [16] [17] . However, the variability of IVIM measurements in response to chemotherapy and/ or radiotherapy in these studies remains controversial.
To the best of our knowledge, no previous studies have evaluated the therapeutic response to the standard chemotherapy 5-FU using IVIM DW-MRI in an animal model of gastric adenocarcinoma. The purpose of our study was to evaluate treatment response in tumor tissues by studying changes in diffusion and pseudo-perfusion properties based on ADC and IVIM measurements in a mouse model of gastric adenocarcinoma as early as 3 d after treatment, and to compare the imaging findings with histopathological results of tissue cellularity and microvascular properties at designated post-treatment time points.
MATERIALS AND METHODS

Animal model
All experimental procedures were approved by the Institutional Review Board of and Institutional Animal Care and Use Committee of Peking University People's Hospital, Beijing, China. Animals were housed in a pathogen-free facility at a temperature of 22 ℃, humidity of 61%, and a 12 h light-dark cycle. They were provided with food and water in accordance with the animal welfare guidelines established by our institution's Office of Laboratory Animal Welfare (OLAW). Twenty-seven BALB/c nude female mice, weighing 20-24 g and aged 6-8 wk, were obtained from the Vital River Laboratories (Beijing, China). They were acclimated to their new environment for one week before experimentation.
All animals were randomly divided into a control group (CG) and four treated groups (TG1-4) with five mice in each treated group and seven in the control group. All groups underwent MRI scans and were sacrificed for histopathological analysis based on the schedule shown in Figure 1 . Two mice in the control group were sacrificed at baseline after MRI scanning. Five mice in the control group underwent MRI at each time point (day 0, day 3, day 7, day 14, and day 21) and were then sacrificed on day 21. All tumors were resected from each animal post-sacrifice for serial histopathological analyses and compared with the MRI findings.
Tumor model
Cells from the poorly differentiated human gastric adenocarcinoma cell line MKN-45 were obtained from the American Type Culture Collection (Rockville, MD, United States). MKN-45 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) and supplemented with 10% fetal bovine serum and 1% nonessential amino acids. Concentrations of 95% O2 and 5% CO2 were maintained. Cells were passaged twice a week with a 1:2 split using 0.25% trypsin (HyClone, Ft. Collins, CO, United States). The tumor xenografts were developed by subcutaneously injecting approximately 1 × 10 6 cells suspended in 100 μL medium, into both flanks of the nude mice; therefore, each mouse developed two tumors. Tumors grew for 10-15 d until they reached 100-250 mm 3 in size prior to treatment. , where the fast diffusion effect dominated the signal decay. Finally, the fractional volume of the fast component that is presumably considered the pseudoperfusion fractional volume (fp) was calculated as 100% × Vfast/(Vfast + Vslow). In order to compare the fitting behavior using the two-compartment bi-exponential IVIM and mono-exponential signal decay model, both methods were used to fit the signal decay with the full range of 14 b-values in a subset of animals.
Treatment protocol
Histopathological analysis
After image acquisition, animals in the treated groups and control group were sacrificed on day 3 (TG4), day 7 (TG3), day 14 (TG2), and day 21 (TG1 and CG). Two entire tumors from each sacrificed animal were excised, fixed in 10% formalin for 24 to 48 h, and immersed in 70% ethanol. Each tumor specimen was paraffin embedded and cut into 5-μm thick sections. Tissue sections were stained for immunohistochemistry on the Ventana Discovery XT Autostainer (Tucson, Arizona, United States). Immunohistochemical analyses including once a day for 5 consecutive days starting on day 0. No medicine was given during the last two days of the week [18] . In addition, calcium folinate (Jiangsu Hengrui Medicine Co., Ltd., China) was injected (45 mg/kg) intraperitoneally twice a day; the first injection was given one hour before the 5-FU injection, and the second injection was given at the same time as the 5-FU injection. This procedure was repeated for three weeks. Animals in the control group received intraperitoneal injections of 0.1 mL sterile water at the same time points as the treated animals received 5-FU injections.
Image acquisition
MR images were acquired on a 3.0 Tesla MRI scanner (Discovery 750, GE Healthcare, Waukesha, WI, United States). Each mouse was anesthetized with an intraperitoneal injection of pentobarbital sodium (50 mg/kg). After anesthetization, the mouse was placed in a test tube filled with salt alginate impression gel. The gel had been dissolved in warm water before use to mitigate the possibility of artifacts arising from the tissue-air interface at each subcutaneous xenograft tumor area and to maintain the mouse's body temperature. The tube containing the mouse was then placed in a small animal birdcage coil (Magtron Inc., Jiangyin, China) in the supine position on the MR platform. Anatomic MR images for tumor volume measurements were acquired with a T2-weighted (T2W) spin-echo (SE) sequence with the parameters listed in Table 1 .
DW-MR images were acquired with a singleshot SE echo-planar imaging (DW-SE-EPI) sequence with the parameters listed in Table 1 . A spatialspectral excitation pulse was used to excite a slice of magnetization from water protons while leaving the fat protons unaffected to achieve fat suppression. Parallel imaging using the array spatial-sensitivity encoding technique (ASSET) was employed to reduce the echo train length and thus mitigate image distortion. The total acquisition time for anatomic and DW-MRI [19] . At least three sections from each tumor were measured and averaged.
With regard to Ki67 staining (ab15580; Abcam, Cambridge Science Park, United Kingdom), the proliferating cell density was calculated as the ratio of cells stained by Ki-67 to the total number of background cells. In TUNEL staining (Roche, Basel, Switzerland), the apoptotic cell density was calculated as the ratio of cells with positive TUNEL expression to the total number of viable tumor cells. In CD31 staining (sc1506; Santa Cruz Biotechnology, Santa Cruz, CA, United States), microvessel endothelial cells were identified, and the microvessel density (MVD) was calculated as the total number of vessels divided by the viable tumor cells. In addition, each tumor section was stained with hematoxylin and eosin (H&E, Sigma-Aldrich; Ventana, Tucson, AZ, United States) to delineate tumor necrosis. The necrotic fraction was calculated as the ratio of the necrotic area to the total tumor area on at least three sections of each tumor; these ratios were then averaged.
Statistical analysis
The median and interquartile range of tumor volume (VT), ADC, D, D*, and fp were calculated for baseline and post-treatment scans. Medians were calculated due to the data skew distribution observed in the stem-leaf plot.
Median percentage changes (ΔVT%, ΔADC%, ΔD*% and Δfp%) between baseline and each post-treatment scan in each tumor were calculated. Logarithm transformation was used to meet the precondition of the normal distribution for mixed linear model analysis. After logarithm transformation, ΔVT%, ΔADC%, ΔD*% and Δfp% were compared between the control and treated groups using the mixed linear regression model with the restricted maximum likelihood method, and were recorded as z values. P values less than 0.05 were considered statistically significant. All statistical analyses were performed using the statistical software Stata (version 13.0; StataCorp LP, College Station, Texas, United States).
RESULTS
Two animals from TG2 and TG3 died on day 2 after treatment. One animal in TG1 was excluded due to severe ulceration on day 3 after treatment. Two animals from TG2 and TG3 were excluded due to severe image distortion and chemical shift artifacts present in IVIM DW images. After these exclusions, the mice were distributed throughout the study groups as follows: 7 (CG), 4 (TG1), 3 (TG2), 3 (TG3), and 5 (TG4).
Tumor volume measurement
Tumor volumes at baseline and at each post-treatment time point in the treated and control groups are shown in Table 2 and Figure 2A ; percentage changes (ΔVT%) in baseline and post-treatment time points were then calculated ( Figure 3A) . Differences in ΔVT% between the treated group and the control group were not significantly different on day 3 (ΔVTtreated% = 103% and ΔVTcontrol% = 125%, z = -0.17, P = 0.8659) and day 7 (ΔVTtreated% = 127% and ΔVTcontrol% = 384%, z = -1.36, P = 0.1724). However, tumor volumes in the control group on day 14 (ΔVTcontrol% = 890%) and day 21 (ΔVTcontrol% = 1449%) were significantly higher than those in the treated group at the same time points (ΔVTtreated% = 187%, z = -3.62, P = 0.0003 and ΔVTtreated% = 156%, z = -6.30, P = 0.0001), respectively. Tumor volume changes in two representative mice (treated and control) are shown on T2W images (Figure 4 ). Tumor volume in the control group increased significantly from day 14 to day 21, whereas no obvious tumor volume changes were observed in the treated group from day 3 to day 21.
Tumor IVIM measurement
IVIM measurements (D, D* and fp) and conventional ADC values for all tumors in the treated and control groups at each time point are shown in Table 2 and Figure 2B -E. The median percentage changes in pretreatment baseline and each post-treatment time point are shown in Figure 3B -D.
The IVIM derived perfusion measurements D* and fp showed opposite trends with decreasing perfusion related diffusion coefficients (D*) and increasing perfusion fractions (fp) after treatment. D* in the treated groups decreased on days 3, 7, 14, and 21 with a median percentage change (ΔD*treated%) of -30%, -34%, -20% and -31%, respectively. In contrast, D* in the control group was close to baseline with a median percentage change (ΔD*control%) of 3%, 1% and -1% on days 3, 7 and 14, which were significantly different from ΔD*treated% at each time point (z = -5.40, -4.18 and -1.95, P = 0.0001, 0.0001 and 0.0244). D* in the control group decreased at the end of the experimental period on day 21 (ΔD*control% = -9%), which was not significantly different from that in the treated group (z = -1.95, P = 0.0513). The median percentage increase in fp in the treated groups (Δfptreated%) was as follows: 93% on day 3, 113% on day 7 and 181% on day 14, and the percentage change in fp in the control group (Δfpcontrol%) increased less during the course of the study (13%, 9% and 58% on days 3, 7 and 14). Significant differences in Δfp% were found between the treated and control groups on day 3, 7 and 14 (z = 4.63, 5.52, and 2.12, P = 0.001, 0.0001, and 0.0336), respectively. At the end of the experimental period (day 21), the treated and control groups showed increases in fp (Δfptreated% = 179% and Δfpcontrol% = 113%), but no significant differences were observed (z = 1.15, P = 0.2484). The ADC value in the treated groups increased with median percentage changes (ΔADCtreated%) of 11%, 9%, 42%, and 26% on days 3, 7, 14 and 21 after treatment, whereas the ADC in the control group only increased slightly before day 14 (ΔADCcontrol% = -1%, 1% and 10% on days 3, 7 and 14, respectively), but with a marked increase of 41% on day 21. The difference in ΔADC% between the control and treated groups was significant on day 3 (z = 2.44, P = 0.0147) and day 14 (z = 2.40, P = 0.0164), but not on day 7 (z = 1.40, P = 0.1600) or day 21 (z = -0.10, P = 0.9213).
IVIMDW images and signal intensity decay with increasing b-values were observed in two representative mice in the control and treated group ( Figure 5 ). Tumor areas were clearly delineated in the images without obvious artifacts. Tumor areas showed brighter signals due to more restricted tissue water diffusion compared to the surrounding tissues. The signal-to-noise ratio of the tumor ROI at the highest b value was beyond the background noise; therefore, it was sufficient for bi-exponential fitting ( Figure 5B ). Within each tumor ROI, DW signal decay was fitted more adequately with the bi-exponential model to calculate the IVIM-related parameters compared to the mono-exponential model ( Figure 5B ). Faster signal decay in the treated mouse indicated overall increased motion of water molecules and less organized tissue microstructure secondary to treatment.
Histopathological characteristics
The proliferating cells identified on Ki-67 staining showed an apparent decrease at each time point in the treated groups ( Figure 6A ). The apoptotic activity, quantified as the percentage of cells positive in TUNEL staining, demonstrated a marked increase after treatment ( Figure 6B ). Vascularity of the endothelium assessed by CD31 staining demonstrated a trend toward reduced MVD after treatment ( Figure 6C ). The tumor necrotic fraction identified by H&E staining increased markedly after treatment ( Figure 6D ). 
DISCUSSION
In the present DW-MRI study, we found significant changes in the fast diffusion coefficient (D*) and fractional volume (fp) as early as three days after chemotherapy in a mouse model of gastric adenocarcinoma based on the bi-exponential IVIM model. We demonstrated that IVIM parameters provide critical information in addition to conventional apparent diffusion measurement for the assessment of treatment response. DW-MRI findings correlated well with histopathological changes showing a decrease in proliferating cells and MVD and an increase in apoptosis and tumor necrosis in the treated group. The IVIM model developed by Le Bihan [8, 20] suggests that at the macroscopic level, the capillary network is distributed in space in a pseudorandom manner, and the overall movement of the blood's water molecules within capillaries (i.e., perfusion) mimics the diffusion model. The perfusion-related fast diffusion coefficient D* is considered proportional to the mean capillary segment length and average blood velocity [20] . As reported in previous studies, D* can be used to distinguish benign and malignant salivary gland tumors based on the fact that angiogenesis in malignant tumors leads to increased microscopic blood flow [13] . IVIM DW-MRI has also been used in previous clinical studies to investigate therapeutic responses in different tumor types. Lewin et al [17] demonstrated that fp increased two weeks after treatment of advanced hepatocellular carcinoma with the anti-angiogenic drug sorafenib, whereas changes in the pure diffusion coefficient D and ADC values were not significant. Hauser et al [15] evaluated the therapeutic response to radiotherapy combined with chemotherapy and/ or targeted therapy with cetuximab in patients with squamous cell carcinomas of the head and neck. Significant increases in fp, D, and ADC values at 7.5 mo after therapy were demonstrated in patients based on standard clinical progression evaluation criteria. Ganten et al [14] reported an increase in D values at week 2 and 4 after treatment with no change in fp in a rectal cancer study. However, in the aforementioned clinical treatment response assessment studies, a change in D* in response to treatment was not reported. A recent experimental study reported that D* significantly decreased only 4 h after treatment, but recovered to baseline at 24 h in a rabbit VX2 liver tumor model treated with the vascular disrupting agent CKD-516 [9] . The variability of IVIM derived measurements in these studies may be attributed to inconsistent IVIM imaging protocols, the range of b-values, and multicompartment diffusion signal models [4, 9] . In our study, we found that D* decreased significantly after treatment, which significantly correlated with decreased MVD revealed by endothelial cell CD31 staining. In addition, increased cellular apoptosis and necrosis in response to treatment may contribute to changes in both tissue diffusion and perfusion properties. As a consequence, the destruction of tumor microvasculature and decreased cellularity led to the mixture of a fast perfusion component and a slow diffusion component after chemotherapy, which potentially resulted in an increased fp approaching 50% and indicated equilibrium between perfusion and diffusion components. In contrast, D* was similar to the baseline value, and fp showed a smaller increase in untreated tumors in the control group. ADC derived from conventional DW MRI has been widely accepted for evaluating the therapeutic efficacy of chemotherapy, radiotherapy or combined therapy with targeted agents. Consistent with previous studies [19, 21, 22] , our study showed that ADC values increased on day 3 after treatment, while tumor volumes in the treated groups remained stable during the entire treatment period, which indicated that microstructural tumor tissue changes precede changes in tumor size. However, the complex interplay of decreased cell proliferation, increased apoptosis and necrosis, and the destruction of tumor microvasculature may contribute to the variations in ADC after treatment [4, 21] . As shown in our study, considerable overlap in ADC was observed between the treated and control groups at each time point after treatment. In comparison, no significant overlap in fp and D* measurements were observed between the control and treated groups, which provided a more reliable assessment of tumor tissue changes.
At the end of the treatment cycle (day 21), all measurements were similar between the treated and control groups. H&E staining showed that viable tumor tissues were mostly replaced by tumor necrosis, which was induced by chemotherapy in the treated groups or due to progressive growth in the control group. In addition, CD31 staining only identified a few endothelial cells in tumor microvasculature in both the control and treated groups on day 21, indicating the destruction of microvasculature.
The slow diffusion coefficient (D) is generally considered the pure diffusion coefficient describing extracellular and extravascular tissue water mobility [1, 3, 8] .
We observed significant decreases in D (most D values were very close to 0) from day 7 to day 21 after treatment, which did not match the findings of previous studies [14, 15] . For this reason, we did not calculate the percentage changes in D values at each time point further as we did with the other IVIM parameters shown in the results. Our explanation for this finding is that D in the two-compartment model may not represent real physiological changes, but may be a covariate parameter in the process of iterative converges of the nonlinear bi-exponential signal fitting. As discussed above, destruction of the tumor microenvironment after chemotherapy leads to a mixture of perfusion and diffusion components and thus can cause a deviation from the assumption of bi-exponential signal decay. Therefore, the term Vslow × e -bD may become a constant term, meaning that D will need to decrease to a very small number so that the signal decay begins to follow a mono-exponential model. In this situation, the resultant D values may not reflect true physiological changes when it reaches a number close to zero. In order to measure more robust slow diffusion coefficients, we performed linear fitting of the logarithm DW signal decay with b-value = 200 and 1500 s/mm 2 , where the perfusion effect can be ignored. We found that the slow diffusion coefficient derived from linear fitting of the high b-value DW signals increased after treatment (data not shown), similar to the ADC changes.
This study had some limitations. First, the sample size in each treated group was relatively small. Second, the bi-exponential IVIM-DWI model was the only model used to characterize the complicated tissue water mobility. There are several sophisticated diffusion models that have been investigated for multi-b-value signal fitting, such as the stretched exponential model, the diffusion kurtosis model, and the fractional order calculus (FROC) model [16, 17] . The stretched model yields the intravoxel diffusion heterogeneity index and distributed diffusion coefficient. Similarly, the FROC model describes the anomalous diffusion process and yields a new set of parameters including the fractional order derivative in space (β) and a spatial parameter (μ). The value of β is mathematically equivalent to the heterogeneity index generated by the stretched model. We also used the FROC model to fit the diffusion decay; however, the changes in both β and μ were not stable and did not show differences between the treated and control groups during the course of the study (data not shown).
In addition, a recent study [23] suggested that although these sophisticated models may provide more information on tissue water diffusion, their biologic interpretation requires further refinement and they are not directly correlated with pathological characteristics. In contrast, our calculations based on the biexponential model were based on the theory that it might allow separation of water molecular diffusion from the microcirculation. Our results demonstrated that the fast diffusion coefficient and fractional volume provided valuable information reflective of tissue microvasculature changes secondary to chemotherapy and correlated well with each specific pathological finding. Interestingly, a recent study [24] compared a DW signal fitting plot using all these diffusion models, which clearly demonstrated that the bi-exponential model had the best fit of the signal decay with b < 1500 s/mm 2 . Finally, the bi-exponential model was considered to be the most appropriate model for this study. Nonetheless, all of these diffusion models should be investigated further to compare their respective accuracies regarding tumor characterization and treatment response in future studies.
The present study demonstrated that the IVIMderived tissue perfusion related diffusion coefficient and fraction parameters provided valuable information reflective of tissue microstructural and microvasculature changes secondary to chemotherapy. The fast diffusion coefficient (D*) decreased, whereas the fast diffusion fractional volume (fp) increased immediately after treatment and throughout the treatment course. ADC increased in both the treated and control groups with greater increases in the treated groups. No significant overlaps were observed in D* and fp measurements between the treated and control groups, whereas ADC showed more overlap.
In conclusion, IVIM perfusion measurements offer a potentially accurate evaluation of chemotherapy efficacy and may facilitate individualized treatment planning and prompt treatment adjustment in gastric cancer patients.
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Background
Early detection and accurate assessment of tumor response to chemotherapy is essential for individualized treatment planning in patients with gastric cancer.
Research frontiers
In a mouse gastric cancer model, the authors demonstrated that the intravoxel incoherent motion (IVIM)-derived tissue perfusion coefficient (D*) decreased, whereas the perfusion fraction (PF) increased immediately after chemotherapy and throughout the treatment course.
Innovations and breakthroughs
No significant overlaps were observed in D* and PF measurements between the treated and control groups; such overlaps were observed using the conventional apparent diffusion coefficient measurements.
Applications
IVIM-derived perfusion measurements offer the potential of accurate evaluation of chemotherapeutic efficacy. This imaging study is ready to be translated into a clinical study that may facilitate individualized treatment planning and prompt treatment adjustment in gastric cancer patients.
Terminology
The IVIM model developed by Le Bihan suggests that at the macroscopic level, the capillary network is distributed in space in a pseudorandom manner, and the overall movement of the blood's water molecules within capillaries (i.e., perfusion) mimics the diffusion model. Consequently, IVIM diffusion-weighted magnetic resonance imaging (DW-MRI) allows the following to be calculated noninvasively without contrast agent administration: the "pure" (slow) diffusion coefficient (D), the pseudo-perfusion (fast) diffusion coefficient (D*), and the fractional volume (fp).
Peer-review
DW-MRI has emerged as a noninvasive imaging method, which exploits tissue water mobility reflective of the microstructural properties of tumor tissue and detects tissue changes after treatment. It was the aim of the authors to exploit IVIM-DW-MRI with a biexponential model for chemotherapy response evaluation in a gastric cancer mouse model. The authors demonstrated that in a mouse gastric cancer model the IVIM-derived tissue perfusion coefficient (D*) decreased whereas the PF increased immediately after chemotherapy and throughout the treatment course as well.
